Purpose: To assess the feasibility and performance of conical k-space trajectory free-breathing ultrashort echo time (UTE) chest magnetic resonance imaging (MRI) versus four-dimensional (4D) flow and effects of 50% data subsampling and soft-gated motion correction. Materials and Methods: Thirty-two consecutive children who underwent both 4D flow and UTE ferumoxytol-enhanced chest MR (mean age: 5.4 years, range: 6 days to 15.7 years) in one 3T exam were recruited. From UTE k-space data, three image sets were reconstructed: 1) one with all data, 2) one using the first 50% of data, and 3) a final set with softgating motion correction, leveraging the signal magnitude immediately after each excitation. Two radiologists in blinded fashion independently scored image quality of anatomical landmarks on a 5-point scale. Ratings were compared using Wilcoxon rank-sum, Wilcoxon signed-ranks, and Kruskal-Wallis tests. Interobserver agreement was assessed with the intraclass correlation coefficient (ICC). Results: For fully sampled UTE, mean scores for all structures were 4 (good-excellent). Full UTE surpassed 4D flow for lungs and airways (P < 0.001), with similar pulmonary artery (PA) quality (P 5 0.62). 50% subsampling only slightly degraded all landmarks (P < 0.001), as did motion correction. Subsegmental PA visualization was possible in >93% scans for all techniques (P 5 0.27). Interobserver agreement was excellent for combined scores (ICC 5 0.83). Conclusion: High-quality free-breathing conical UTE chest MR is feasible, surpassing 4D flow for lungs and airways, with equivalent PA visualization. Data subsampling only mildly degraded images, favoring lesser scan times. Soft-gating motion correction overall did not improve image quality. Level of Evidence: 2 Technical Efficacy: Stage 2
or abdominal oncology. The process of transferring these patients, often anesthetized, from the MR to the CT scanner can prove challenging and prolong overall exam and anesthesia times.
Nevertheless, pediatric chest MRI has traditionally been hampered by several factors. These include: intrinsic low lung signal with short T 2 * properties (<2 msec), high cardiac and respiratory rates in children, resulting in motion blur, lack of patient cooperation with long acquisition times, breath-holds, and quiet breathing, and potential greater need for sedation. 1, 6, 11, 12, 15 Recently, ultrashort echo time (UTE) MRI with 3D radial k-space trajectories has shown promise in overcoming these obstacles. However, experience with 3D radial UTE chest MR is limited to animal models and small human studies, mostly in adults. [15] [16] [17] [18] [19] [20] [21] [22] [23] Moreover, 3D radial acquisitions suffer from inherent inefficiencies in fully populating k-space, leading to trade-offs between longer scan times and data undersampling with lesser resolution. 24 UTE imaging utilizing conical k-space sampling permits greater scan efficiency than do radial acquisitions. At the same time, conical UTE diffuses motion and aliasing artifacts and is thus robust to flow and motion. As a result, this technique has potential to yield diagnostic freebreathing chest MR images, even in children. However, use thus far has been limited to early experimental studies. 25, 26 The purpose of this study was to investigate the feasibility of a golden-angle ordered conical UTE MR technique for pediatric chest MRI.
Materials and Methods
With Institutional Review Board (IRB) approval, Health Insurance and Portability and Accountability Act (HIPAA) compliance, informed parent/guardian consent, and informed patient assent (for subjects ages 7-17 years old with decision-making capacity), 32 consecutive children were recruited to undergo both conical UTE and 4D flow chest MR during one exam between April 2016 and September 2016. All patients were imaged free-breathing on a 3T MRI scanner (MR 750 3T, GE Healthcare, Waukesha, WI) with a 32-channel cardiac coil (InVivo, Gainesville, FL). Four exams (12.5%) were performed without anesthesia, 10 (31.3%) under light anesthesia with facemask (FM) or nasal cannula (NC) for respiratory support, and the remaining 18 (56.3%) under ventilator-assisted deep anesthesia using a laryngeal mask airway (LMA) or an endotracheal tube (ETT). For cases performed under deep anesthesia, mean 6 SD reported maximum tidal volume was 154.1 6 111.1 mL (range: 25-389 mL), or 9.0 6 6.4 mL/kg (range: 2.1-28.0 mL/kg). Positive end expiratory pressure (PEEP) was applied in 10/18 (55.6%) deep-anesthetized exams; the amount of PEEP utilized varied during the imaging time and ranged from 0-8 cm H 2 O. Twenty-six (81.3%) studies were performed for congenital heart disease, two (6.3%) for noncompaction cardiomyopathy, two (6.3%) for pretransplant vascular mapping, and one (3.1%) for pulmonary hypertension. Mean 6 SD patient heart rate during acquisition was 93.1 6 21.8 beats/min (range: 55-157 beats/min). Despite anticipated variation in body size with subject age, no special corrections to account for potential RF inhomogeneity were needed or performed in this qualitative imaging assessment study (as detailed below).
All scans were enhanced with ferumoxytol (Feraheme, AMAG Pharmaceuticals, Waltham, MA), injected intravenously before imaging as a slow infusion over 5-15 minutes using a diluted volume in normal saline (3 mg/kg with 1:5 dilution or 0.1 mL/kg). [26] [27] [28] [29] [30] [31] [32] [33] Vital signs were monitored for 30 minutes after ferumoxytol administration in the radiology department or an inpatient unit under the supervision of an advanced cardiac life support (ACLS) or pediatric advanced life support (PALS)-certified physician. In order to perform a dynamic perfusion scan, one patient, in addition to ferumoxytol received gadobenate dimeglumine (MultiHance, Bracco Diagnostics, Cranbury, NJ), administered via rapid bolus intravenous (IV) injection during imaging at a dosage of 0.1 mmol/kg (0.2 mL/kg), followed by a saline flush. UTE data were acquired using an RF-spoiled gradient echo (SPGR) sequence with a 3D conical k-space sampling trajectory (Fig. 1) . 25, 26, 34 The cone interleaves (one interleaf per readout)
were first ordered sequentially by the k z position of the last acquisition point of each readout. That is, the cone interleaves were ordered from the "north" pole to the "south" pole. The ordering was then permuted according to the golden-ratio permutation. 35, 36 This reordering of the acquisition increases motion robustness and enables retrospective data subsampling. Each cone interleaf began at the k-space center, providing the ability for self-navigation; the first few samples of each cone interleaf were processed to compute motion waveforms. 37 , and bandwidth of 125 kHz. In-plane field-of-view (FOV) was adjusted to maintain a constant spatial resolution and account for the inability to perform readout filtering. An average of 57,000 readouts were utilized, with an average of 560 samples per cone interleaf readout. There was no acceleration. Mean 6 SD scan duration was 4.9 6 1.0 minutes (range: 2.1-5.9 min). An anticipated average scan time of 5 minutes (varying with body size) was prescribed based on preliminary phantom testing and supported reduction factors. Further potential reductions in scan time without compromising image quality could only be established through retrospective data subsampling.
For each exam, three image sets were reconstructed from UTE k-space data for review: 1) one with all the data, 2) one using the first 50% of the data, and 3) a final set with soft-gating motion correction, leveraging the phase of the signal after each excitation, in effect utilizing the expiratory half of the data. As detailed in prior work, coil-clustering, a spectral-based clustering algorithm, was used to select the subset of highly correlated coils whose navigators most closely matched a dominant respiratory waveform, in turn facilitating motion suppression. 34 Image set (1) was reconstructed using gridding. Image set (2) was reconstructed using parallel imaging (PI) and compressed sensing (CS). Lastly, image set (3) was reconstructed using soft-gated PI and CS. 38, 39 Soft-gating weights were computed using the algorithm detailed in 38 Weights were applied both based on this prior research and the work of Johnson et al. 38, 39 All reconstructions were performed using the Berkeley Advanced Reconstruction Toolbox (BART). 40 The motivation to perform 50% subsampling was to determine if a 50% shorter scan time would provide diagnostically comparable image quality compared to fully sampled UTE. The intention of soft-gating was to explore if motion artifacts could be reduced using this reconstruction technique. 4D flow acquisitions used minimum echo time (TE) flowencoding gradients and a 4-point encoding strategy in a cardiac synchronized 3D Cartesian RF-spoiled gradient echo sequence with pseudorandom k-space undersampling and built-in navigators. [28] [29] [30] The 4D flow was cardiac-resolved and corrected for respiratory motion, providing a reference to compare motion effects. Acceleration was performed using both PI and CS. Two radiologists (first reader, E.J.Z., board-certified, subspecialty-trained pediatric and cardiovascular radiologist with 7.5 years of experience; second reader, A.H., board-eligible MRI radiology fellow with 4.5 years of experience) independently scored image quality of the lungs, pulmonary arteries (PAs), and airways on a 5-point scale (1: nondiagnostic, 3: adequate for diagnosis, 5: excellent) for each UTE reconstruction and 4D flow in random order in blinded fashion. The scoring system, modified from prior studies on UTE chest MR, is shown in Table 1 . [15] [16] [17] In addition, readers indicated the smallest visible PA level (main, lobar, segmental, or subsegmental). For each exam there were three UTE reconstructions (fully sampled UTE, 50% subsampled UTE, and soft-gated motion-corrected UTE) and the 4D flow images to review. Reading sessions were performed in blinded fashion and conducted in batches with a 3-week interval between sessions to allow a "washout" period. Each session consisted of admixed datasets containing each type of the four reconstructions, presented in random order. UTE images were viewed using OsiriX MD 8.0.2 software (Pixmeo SARL, Geneva, Switzerland). 4D flow images were viewed using the Arterys platform (Arterys, San Francisco, CA). Both UTE and 4D flow data allow reformation in any plane (Fig. 2) . However, readers scored images in the axial plane, using other planes only if needed for clarification. Window and level settings could be adjusted at To increase motion-robustness, the acquisition of the cones trajectory is ordered using the golden-ratio increment. Since the k-space center is sampled at the start of each cone interleaf, this data sample is extracted and processed as shown, filtered to highlight the respiratory signal and clustered to select the dominant motion waveform, with applied peak finding to determine trigger points. The resulting waveforms can be either used either to resolve motion dynamics or to suppress artifacts from motion with soft-gating. the radiologist's discretion for both UTE and 4D flow. For 4D flow, readers were allowed to view images from the entire cardiac cycle but only in grayscale mode (magnitude images without flow data).
Statistical Analysis
The Wilcoxon rank-sum test was used to evaluate the null hypothesis that fully sampled UTE image quality scores were equivalent to those of 4D flow. The Wilcoxon signed-rank test was used to evaluate the hypotheses that fully sampled UTE image quality scores were equivalent to 50% subsampled images as well as soft-gated motion-corrected images. The Kruskal-Wallis test was used to evaluate the null hypothesis that PA delineation was equivalent for the four reconstructions (fully sampled UTE, 50% subsampled UTE, motion-corrected UTE, and 4D flow). Interobserver agreement was evaluated using the intraclass correlation coefficient (ICC). ICC values were correlated to agreement as follows: poor (<0.40), fair (0.40-0.59), good (0.60-0.74), and excellent (0.75-1.00). 95% confidence intervals (CIs) were also constructed to assess the proportion of cases in which fully sampled and 50% subsampled UTE image quality scores were 3 (diagnostic or better) and PA delineation to the subsegmental level was possible. Statistical significance was set at the 0.05 level.
Results
The final cohort consisted of 21 (65.6%) males and 11 (34.4%) females. Mean 6 standard deviation (SD) age was 5.4 6 4.1 years; ages ranged from 6 days to 15.7 years. Table 2 summarizes mean image quality scores for each reconstruction and anatomic landmark, both for individual and combined readers. For fully sampled (raw) UTE, combined mean scores for all landmarks were 4, indicating good to excellent image quality. The proportions (95% CI) of exams with diagnostic or better image quality (score 3) for the lungs, PAs, and airways, respectively, were 96.9% (92.5-100%), 98.4% (95.3-100%), and 96.9% (92.5-100%). The PAs were visible to the subsegmental level in 98.4% (95% CI 95.3-100%) of exams. Overall, 93.8% (95% CI 87.7-99.8%) of exams demonstrated diagnostic or better image quality for all landmarks as well PA visibility to the subsegmental level.
Compared to 4D flow, fully sampled UTE demonstrated better lung and airway image quality (P < 0.001 for both) and similar PA quality (P 5 0.62). Compared to full UTE, 50% subsampling degraded image quality for all landmarks (P < 0.001). Nevertheless, the mean score difference was only 0.4 for each structure. The proportions (95% CI) of 50% subsampled reconstructions with diagnostic or better image quality for the lungs, PAs, and airways, respectively, were 89.1% (81.2-96.9%), 96.9% (92.5-100%), and 93.8% (87.7-99.8%). Moreover, the PAs were visible to the subsegmental level in 93.8% (87.7-99.8%). Overall, 85.9% (77.2-94.7%) of 50% subsampled reconstructions demonstrated at least diagnostic image quality for all landmarks in addition to PA visibility to the subsegmental level. The proportion of diagnostic or better exams was statistically significantly lower in the 50% subsampled group compared to the fully sampled UTE group (P 5 0.03), although the absolute difference was small (7.8%).
Overall, motion correction degraded lung (P < 0.001) and airway (P 5 0.009) image quality, while PA quality trended downward (P 5 0.09). For reader 1, mean PA image quality increased from 4.2/5 with fully sampled UTE FIGURE 2: Comparison of UTE reconstructions vs. 4D flow in an 8-year-old female undergoing chest MRI under anesthesia with endotracheal intubation. Both UTE and 4D flow allow multiplanar reformatting. Fully sampled UTE images (A,E) allow excellent visualization of peripheral pulmonary vessels (arrows) and bronchi (asterisks), including bronchial wall delineation. Lung signal is distinct from pure air, with fissural delineation (bent arrows). 50% subsampled (B) and soft-gated images (C) are similar. In contrast, 4D flow images (D,F) show dependent atelectasis, but lung signal is not well-differentiated from air; bronchial walls are less visible. Delineation of pulmonary vessels is excellent but essentially equivalent to UTE. to 4.3/5 with soft-gating. However, the difference was not statistically significant (P 5 0.61). The PAs were visible to the subsegmental level in >93% scans for all techniques (P 5 0.27). For all three sedation states (awake, light anesthesia, and deep anesthesia), soft-gating degraded or produced no statistically significant change in image quality of all landmarks, as detailed in Table 3 .
Interobserver agreement was excellent for image quality assessment of lungs (ICC 5 0.75), good for the airways (ICC 5 0.67), and fair for the PAs (ICC 5 0.47). Interobserver agreement was also fair for delineation of the smallest visible PA level (ICC 5 0.43). For combined ratings of image quality and PA delineation, interobserver agreement was excellent (ICC 5 0.83). Figure 3 shows representative examples of good to excellent UTE image quality in paired patients who underwent chest MRI after deep sedation with endotracheal intubation and laryngeal mask airway support, respectively. Figure 4 demonstrates good to excellent image quality in paired patients who underwent MRI awake without anesthesia. Figure 5 shows examples of degraded image quality due to susceptibility and motion artifacts. Corresponding 50% subsampled UTE, softgated UTE, and 4D flow images are presented alongside the fully sampled UTE images for visual comparison.
Discussion
In this study, we demonstrated the feasibility and high image quality of free-breathing conical UTE chest MRI in children. This was achieved in a diverse cohort of pediatric patients ranging from neonates to teenagers with sedation status ranging from deep anesthesia to completely awake without any sedation. Image quality of the lungs, airways, and PAs to the subsegmental level was considered diagnostic or better in >93% of exams, without noticeable impact from off-resonance blurring. In addition, conical UTE was superior to 4D flow for assessment of the lungs and airways, most likely due to the markedly shorter TE, while PA delineation was similar. 50% subsampling degraded UTE images and resulted in a smaller proportion of diagnostic or better exams, but absolute differences compared to fully sampled UTE were small. Finally, the use of soft-gating motion correction overall did not improve and in fact degraded image quality. This held true regardless of sedation state (awake, light anesthesia, or deep anesthesia).
Most of the exams in our cohort were primarily performed for evaluation of congenital heart disease. Our results support the routine addition of conical UTE to 4D flow in such patients when the lungs or airways are of diagnostic concern. In addition, we note that, in general, 4D flow acquisitions are 2-3 times longer than fully sampled UTE acquisitions. Yet the shorter conical UTE sequence alone could suffice in place of 4D flow if the PAs are of primary interest. While there was variability in both UTE and 4D flow scan time, likely related to differences in z-axis coverage according to body size, acquisitions remained overall shorter for UTE compared to 4D flow.
Overall, our results also favor the use of a decreased scan time without substantially compromising image quality. Mean score refers to the combined mean image quality score from both readers. UTE 5 ultrashort echo time; SD 5 standard deviation. *P < 0.05; **P < 0.001.
With full UTE acquisitions on the order of 5 minutes, sampling only 50% of k-space data has the potential to reduce scan times to just 150 seconds. In turn, this may permit even lesser sedation requirements (including more "awake" scans), greater MR utilization and throughput, and improved experiences for patients and their parents. Lesser degrees of subsampling could also be performed to find an optimal balance between image quality and scan time.
The overall degradation in image quality with softgating was contrary to our expectations. We hypothesize that a primary contributing factor to these results was lack of optimization of parallel imaging and compressed sensing reconstruction for the conical UTE sequence. Soft-gating relies on the ability to perform parallel imaging and compressed sensing image reconstruction. With large volumetric datasets, such reconstruction for conical UTE typically takes on the order of hours. Some approximations were performed to allow reconstruction in under 1 hour, including limiting the number of iterations and compressing the number of channels. Second, the method of respiratory waveform extraction from the DC signal may not have functioned as anticipated based on such factors as variable -D) 6-year-old male; bottom row (E-H) 6-day-old female. Fully sampled UTE images (A,E) show diagnostic delineation of the PAs (arrows) to the subsegmental level as well as the airways (asterisks), including bronchial wall visualization. Image quality of 50% subsampled (B,F) and soft-gated motion-corrected (C,G) UTE images is very similar, although soft-gated images (C,G) appear slightly "smoother" with less detailed internal architecture. In contrast, 4D flow (D,H) offers diagnostic PA assessment, but airway walls are less distinct, and lung signal is similar to pure air.
distance to the coil receiver array. Third, it is conceivable that variations in respiratory rate could have affected the performance of the motion correction algorithm. This possibility cannot be directly ascertained, as respiratory rates documented in anesthesia records were highly heterogeneous throughout exams and imperfectly charted. However, we note that the soft-gating algorithm is applied to an individualized respiratory signal waveform extracted from raw UTE data for each patient. Thus, as long as the respiratory signal demonstrates a regular and recognizable waveform, we would not anticipate that the breathing rate would substantially affect motion correction performance. Finally, the softgated images qualitatively tended to have a "smoother" appearance, with less detailed internal architecture, which could have affected scoring. Still, we stress the excellent image quality of fully sampled UTE images in the absence of motion correction, highlighting the motion robustness of the conical golden-angle ordered trajectory. At the same time, we are in the process of reevaluating the soft-gating algorithm to determine if further improvements can be made.
It is noteworthy that all scans in our cohort were enhanced with ferumoxytol. This ultrasmall superparamagnetic iron oxide medication was developed to treat anemia but has shown promise as a contrast agent, although is not approved by the US Food and Drug Administration for such use. Ferumoxytol had been administered per established, albeit off-label, institutional protocol in patients undergoing 4D flow for cardiovascular indications and is not required for our conical UTE acquisition. [27] [28] [29] [30] [31] [32] However, we suspect it may further enhance the signal-to-noise ratio (SNR) and overall image quality. Previous work has shown ferumoxytol to be a superior agent for arterial and venous imaging. 33 Thus, ferumoxytol likely at least improved PA delineation in our cohort. With its long blood pool residence time (circulating half-life 14-15 hours) and long relaxivity, ferumoxytol permits longer scan times, while preserving vascular signal. 28, 33 As such, contrast enhancement remained robust despite the average 5-minute length of our UTE acquisition. The long half-life also permits a uniform comparison across 4D flow and UTE acquisitions, with preserved vascular enhancement throughout both scans. Because of its favorable signal properties, ferumoxytol may also facilitate free-breathing acquisition (using multiple signal averages) and lesser anesthesia requirements. 28 Moreover, unlike gadolinium-based agents, ferumoxytol does not precipitate nephrogenic systemic fibrosis (NSF) and can be administered to patients with renal failure. 27 Nevertheless, although ferumoxytol has an overall strong safety profile, the rate of serious acute adverse events, such as anaphylaxis and hypotension, is likely greater than that of gadoliniumbased agents. [27] [28] [29] [30] [31] [32] [33] Such risks must be balanced with potential benefits such as improved image quality and reduced anesthesia time and depth. 27, 28 Our study has several limitations. First, its small sample size over a variety of sedation states may limit extrapolation to a larger, prospective cohort with a particular sedation state. Nevertheless, we demonstrate the feasibility of our conical UTE technique in pediatric patients across the age spectrum with variable sedation states. Second, interobserver agreement was only fair for some landmarks, which may reflect heterogeneous interpretation of the scoring systems. However, overall the majority of UTE acquisitions were considered at least diagnostic for all structures, while specific scores may have differed.
Third, 4D flow was used as an internal comparison for the UTE sequence, as it was available in all cases. We recognize this is not a traditional or universally available MRA surrogate. However, 4D flow, in use for >4 years at our institution, has become our local standard of care for the indications represented in the patient cohort (that is, primarily congenital heart disease and vascular mapping). This single, comprehensive sequence requires minimal user training, yet provides reliably diagnostic cardiovascular evaluation in fractions of the time required by traditional methods. Thus, it is now generally performed as a standalone acquisition without the need for a separate MRA that would only prolong scan time in often anesthetized or uncooperative pediatric patients. Moreover, in prior work we demonstrated 4D flow to be at least equivalent to standard RF-SPGR MRA techniques for delineation of cardiovascular structures. 28 This prior study did permit the use of flow data in visual assessment (unlike the current work). However, we would not expect the addition of flow data to substantially alter anatomic image quality of the PAs or evaluation of the lungs and airways (which do not generate flow). While contrastenhanced chest CT might be the most pertinent comparison, such exams were generally not available due to lack of clinical necessity and risks of ionizing radiation. Fourth, as noted previously, all scans were enhanced with ferumoxytol, and thus results cannot be directly generalized to noncontrast or gadolinium-enhanced UTE acquisitions; head-to-head comparisons are an area of anticipated future investigation. Fifth, while conical UTE demonstrated excellent performance in delineating selected anatomic landmarks, its utility in depicting specific thoracic pathologies (eg, consolidation, bronchiectasis) and disease states (eg, CF, malignancy) remain areas of active investigation. In particular, we note that the fully sampled and 50% subsampled UTE reconstructions averaged inspiratory and expiratory data, while the soft-gated images were weighted toward endexpiration. In contrast, chest CT is generally ideally (although not exclusively) performed in end-inspiration; these differences could affect image quality. Nevertheless, retrospective UTE weighting toward end-inspiration or utilization of respiratory-resolved techniques could facilitate reconstructions comparable to end-inspiratory CT. Finally, we cannot directly compare the conical UTE sequence to radial UTE, which is not implemented at our institution. However, we would still anticipate improved readout efficiency of conical UTE compared to radial UTE, despite the very short T 2 * properties of lung tissue at 3T.
In conclusion, free-breathing conical k-space trajectory UTE chest MRI is feasible in children, with consistently diagnostic image quality surpassing 4D flow for the lungs and airways and equivalent for the PAs. Data subsampling will allow even shorter scan times. While motion correction did not enhance image quality in our cohort, further optimization of the soft-gating algorithm may potentially allow improved anatomic delineation in select cases.
